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Full-length infectious cDNA clones were constructed from the genomic RNAs of three distinct strains (K-G7, K-Ha1 and K-Ho1) of the
comovirus Bean pod mottle virus (BPMV). Whereas K-G7, a subgroup I strain, and K-Ha1, a subgroup II strain produce mild mottling, the
reassortant strain K-Ho1 (RNA1I + RNA2II) induces necrotic primary lesions on inoculated leaves of soybean and severe systemic leaf
mottling and blistering. Pseudorecombinants of all possible combinations of transcripts were generated and tested for symptom production.
Only soybean plants inoculated with combinations having RNA1 derived from the severe strain K-Ho1, regardless of the origin of RNA2,
induced severe symptoms, indicating that symptom severity maps to RNA1. Experiments with chimeric RNA1 constructs indicated that the
coding regions of the protease co-factor (Co-pro) and the C-terminal half of the putative helicase (Hel) are determinants of symptom severity.
Symptom severity correlated well with higher accumulation of viral RNA, but neither the Co-pro nor Hel protein could be demonstrated as a
suppressor of RNA silencing.
D 2005 Elsevier Inc. All rights reserved.
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Bean pod mottle virus (BPMV) is a member of the genus
Comovirus in the family Comoviridae (Lomonossoff and
Ghabrial, 2001). Like other comoviruses, BPMV has a
bipartite-positive strand RNA genome consisting of RNA1
and RNA2, which are separately encapsidated in isometric
particles 28 nm in diameter. Both genomic RNAs are
polyadenylated and have a small basic protein, VPg,
covalently linked to their 5V termini. The BPMV genome
is expressed via the synthesis and subsequent cleavage of
large polyprotein precursors (Gabriel et al., 1982). The
complete nucleotide sequences of the two genomic RNAs of
BPMV strain KY-G7 have been reported (Di et al., 1999;
MacFarlane et al., 1991). Based on comparison with CPMV
(Di et al., 1999; MacFarlane et al., 1991), BPMV RNA1
codes for five mature proteins required for replication (from0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: saghab00@uky.edu (S.A. Ghabrial).5V to 3V, a protease cofactor (Co-pro), a putative helicase
(Hel), a viral genome-linked protein (VPg), a protease (Pro)
and a putative RNA-dependent RNA polymerase (RdRp),
whereas RNA2 codes for a replication co-factor (RC),
putative cell-to-cell movement protein (MP) and the two
coat proteins (L-CP and S-CP).
BPMV is widespread in the major soybean-growing areas
in many of the southern and southeastern states. A recent
severe outbreak in BPMV incidence in the north central and
northern Great Plains states is currently the cause of serious
concerns to the soybean industry in this region (Giesler et al.,
2002). Concomitant with the increased incidence of BPMV
has been an augmentation in disease symptom severity and
the emergence of apparently new and unusual severe strains.
Molecular characterization of such severe BPMV isolates
revealed that they are reassortants/recombinants between two
distinct subgroups of strains (Gu et al., 2002; Zhang and
Ghabrial, unpublished observations). The two BPMV strain
subgroups, I and II, can be clearly distinguished based on
nucleic acid hybridization and nucleotide sequencing ana-05) 271–283
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control strategies, it is essential to unravel the extent of di-
versity among BPMV isolates and to gain an understanding
of the molecular basis of symptom severity associated with
infection with such BPMV reassortants and sequence
variants.
The availability in our laboratory of full-length cDNA
clones of genetically distinct strains that differ in symptom
severity allowed us to generate the appropriate chimeric
constructs needed for mapping the determinants of symptom
severity. In this study, we show that symptom severity maps
to RNA1, and more specifically to the coding regions of Co-
pro and the C-terminal half of Hel. Although augmentation
of symptom severity correlates well with higher accumu-
lation of viral RNA, this study also shows that neither the
Co-pro nor Hel protein is a suppressor of RNA silencing,
using the GFP agroinfiltration assay. Furthermore, we
demonstrate that separate expression of the Co-pro or Hel
coding region from a PVX vector induces the production of
necrotic areas on inoculated leaves of Nicotiana benthami-
ana. Finally, the potential mechanisms underlying Co-pro
and Hel-mediated modulation of symptom severity and viral
RNA accumulation are discussed.Results
Symptom severity determinants map to RNA1
The availability of infectious RNA transcripts derived
from full-length cDNA clones of the genomic RNAs from
three BPMV strains (Fig. 1), which differ in symptomFig. 1. Schematic representation of BPMV RNA1 cDNA constructs used for gene
and pCRHaR1) contain full-length RNA1 cDNA of three strains of BPMV (K-H
promoter. The derivative plasmids (pUCHoR1, pUCHoR1-1, pUCG7R1, pUCG
fragments between the strains by providing a desired endonuclease restriction site o
for exchanging fragments between the BPMV strains are indicated upstream of th
length polyprotein is shown as a shaded box (light gray; strain K-Ho1; dark gray; s
sites in the polyproteins, and the designations of the cleavage products (Co-pro,severity (Table 1), allowed the use of 9 different combina-
tions of RNA1 and RNA2 transcripts as inocula. Thus, in
addition to the three parental pairs of genomic RNAs, six
different pseudorecombinants were constructed and tested
for their reactions on soybean. The results showed that all
combinations that contained the severe strain (K-Ho1)
RNA1 and any one of the three RNA2s induced necrotic
primary lesions on inoculated leaves (Fig. 2, panels D–F;
arrows) and systemic mottling and blistering (Fig. 2, panels
D–F). Although the symptoms induced by all transcript
pairs that contain K-Ho1 RNA1 induced severe symptoms,
they were not as severe as those produced by the field
isolate K-Ho1 (Fig. 2, compare panel B with panels D–F;
see below for an explanation). Combinations of K-Ha1
RNA1 and any RNA2 regardless of origin induced mild
symptoms (Fig. 2, panels G–I) similar to those produced by
the naturally occurring isolate K-Ha1 (Fig. 2, panel C).
Likewise, combinations containing K-G7 RNA1 and any of
the three RNA2s induced moderate symptoms (data not
shown) similar to those produced by the original field
isolate K-G7 (Fig. 2, panel A). The reasons why the
symptoms induced by the pair of transcripts consisting of K-
Ho1 RNA1 (RNA1I) and K-Ho1 RNA2 (RNA2II) did not
induce as severe symptoms as those produced by the field
isolate were investigated in a separate study. Briefly, the
results showed that the field isolate K-Ho1 contained two
distinct species of RNA1 (RNA1I + RNA1II) and only one
species of RNA2 (RNA2II). Thus, in addition to the RNA1
species belonging to subgroup I (RNA1I), used in the
present study, another RNA1 belonging to subgroup II
(RNA1II) was isolated, cloned and sequenced, that is, strain
K-Ho1 is diploid for RNA1 and haploid for RNA2.ration of infectious transcripts. The parental plasmids (pGHoR1, pCRG7R1
o1, K-G7 and K-Ha1, respectively) inserted downstream of a modified T7
7R1-1 and pGG7R1) were generated to facilitate the exchange of cDNA
r by eliminating a redundant one. The restriction endonuclease sites utilized
e T7 promoter and downstream of the 3V UTR. The ORF encoding the full-
train K-Ha1) or a hatched box (strain K-G7). Vertical lines indicate cleavage
Hel, VPg, Pro and RdRp) are noted above the pertinent coding regions.
Table 1
Virus strains used, percentage sequence identity to a reference strain and
symptoms
Strain Strain
subgroup
% Identitya GenBank
accession
no.
Symptoms
KY-Graves 7
(K-G7)
I NA U70866 Moderate
mosaic,
little or no
blistering
M62738
KY-Hancock 1
(K-Ha1)
II 85.5 (RNA1)
86.9 (RNA2)
AF394606
AF394607
Mild mosaic,
no blistering
KY-Hopkins 1
(K-Ho1)
I/II 98.1 (RNA1)
87.2 (RNA2)
AF394608
AF394609
Severe:
necrosis,
extensive
blistering
a Percentage nucleotide sequence identity between the indicated strain and
the reference strain K-G7, as determined by pair-wise alignment using the
GAP program of the University of Wisconsin GCG software package,
version 10.
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by the field isolate K-Ho1 was demonstrated when the
pertinent combinations of infectious RNA1 transcripts were
used (Gu, H., Zhang, C. and Ghabrial, S.A., unpublished
observations).
Symptom severity maps to the C-terminal region of the
putative helicase encoded by K-Ho1 RNA1
The results described above indicated that symptom
severity maps to RNA1 and that it is strain-specific, but notFig. 2. Symptom severity is mapped to BPMV RNA1. Symptoms induced on soyb
are shown. Panels A–C, symptoms induced by the field isolates K-G7, K-Ho1
with three different transcript sets that differ in the origin of RNA2: RNA1Ho1 +
panels G–I, symptoms induced by inoculation with additional three transcript s
RNA2Ho1 and RNA1Ha1 + RNA2Ha1. Arrows point to necrotic lesions on inoculastrain subgroup-specific. This was demonstrated by the
finding that RNA1 derived from strain K-Ho1, but not K-
G7, is associated with severe symptoms even though the
two RNA1s belong to subgroup I. The fact that these two
RNA1s share 98% nucleotide sequence identity provided an
excellent opportunity to delineate the genetic determinant(s)
of symptom severity. For this purpose, chimeric RNA1
constructs were generated by exchanging full or partial
coding regions of the five RNA1-encoded mature proteins
between the full-length RNA1 cDNA clones, as shown
schematically in Fig. 3A. Transcripts derived from the
chimeric RNA1 cDNA constructs plus transcripts from K-
G7 RNA2 cDNA or K-Ho1 RNA2 cDNA constructs were
inoculated onto soybean seedlings and the resultant symp-
toms were recorded and photographed. As shown in Fig.
3B, severe symptoms were observed only when the coding
region of Hel was derived from K-Ho1 RNA1 (e.g.,
transcripts derived from plasmids, pHoG-1, pHoG-2,
pHoG-5 or pHoG-6). It is noteworthy that the Hel coding
region in construct pHoG-6 was the only part derived from
K-Ho1 RNA1 and the remainder of the RNA1 molecule
including the 5V and 3V UTRs were derived from K-G7
RNA1. Interestingly, symptom severity correlated well with
higher accumulation of viral RNA, as demonstrated by
northern hybridization analysis (Figs. 3C and D).
To determine whether the entire Hel coding region is
required for induction of severe symptoms (necrosis on
inoculated leaves and systemic severe mottling and blister-
ing), chimeric constructs were generated in which the C-
and N-terminal regions of Hel were of different origins (Fig.ean plants previously inoculated with field isolates and pseudorecombinants
and K-Ha1, respectively; panels D–F, symptoms induced by inoculation
RNA2G7, RNA1Ho1 + RNA2Ho1 and RNA1Ho1 + RNA2Ha1, respectively;
ets that differ in the origin of RNA2: RNA1Ha1 + RNA2G7, RNA1Ha1 +
ted leaves. The plants were photographed 10 days postinoculation (dpi).
Fig. 3. Mapping symptom severity determinants in BPMV subgroup I strains. (A) Schematic representation of BPMV RNA1 cDNA constructs from two
strains and chimeric constructs. The coding regions of the five mature proteins in K-Ho1 RNA1 are shown as gray boxes, and those in K-G7 RNA1 are
indicated with hatched boxes. Restriction endonuclease sites used for generating the chimeric constructs are indicated with arrowheads. The letters S and
Mo to the right refer to the symptoms induced by the indicated transcripts (severe and moderate, respectively). (B) Symptoms induced on soybean plants
(cv. Clark) inoculated with infectious transcripts derived from full-length RNA1 cDNA clones of strains K-G7 and K-Ho1 and chimeric constructs pHoG-7
and pHoG-6. Transcripts derived from the K-Ho1 RNA2 cDNA construct were used in all experiments. The plants were photographed 21 dpi. (C) and (D).
Northern blot hybridization analysis to assess accumulation of viral RNA1 (panel C) and RNA2 (panel D) in infected soybean plants 10 dpi. In panel C, an
RNA1 cDNA fragment with sequences strictly conserved between K-Ho1 and K-G7 RNA1s was used as a template for probe preparation, and was
obtained by PCR amplification using primers Ho1/G7-F, Ho1/G7-R (Table 3). Three plants (a, b, c) were tested for each treatment. Total RNA samples
from mock inoculated plants (control) and purified virions (viral RNA) were used as controls. Levels of RNA loading were assessed by ethidium bromide
staining of ribosomal RNA (bottom panel).
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constructs were monitored for symptom development. The
results showed that symptom severity determinants map to
the C-terminal half of the Hel protein. Thus the amino acid
residues that specify symptom severity are contained in the
C-terminal fragment of 324 amino acid residues (pHoG-10;
Fig. 4A). Amino acid sequence comparisons of Hel among
several BPMV strains revealed two significant amino acid
changes that may be responsible for differences in symptom
severity (Table 2). The changes from Ser to Asn at amino
acid position 359 and from Leu to Phe at amino acidposition 408 differentiate between mild and severe strains
(Table 2).
Both BPMV protease cofactor and helicase coding regions
are required for symptom severity
The finding that the K-Ho1 Hel C-terminal region was
necessary and sufficient for induction of severe symptoms
when the remainder of the RNA1 molecule was derived
from a subgroup I RNA1 (e.g., strain K-G7), raised the
question of whether an RNA1 from a subgroup II strain
Fig. 4. The helicase C-terminal region is critical for symptom severity in subgroup I strains. (A) Schematic representation of BPMV chimeric constructs
generated by exchanging cDNA fragments between K-Ho1 and K-G7 RNA1-cDNA constructs. The letters S and Mo to the right refer to the symptoms induced
by the indicated transcripts (severe and moderate, respectively). (B) Symptoms induced by transcripts from chimeric clones pHoG-10 and pHoG-11, and the
parental constructs pGHoR1 (K-Ho1) and pCRG7R1 (K-G7). The inoculated leaves are shown in the panels at the right side of each of the photographed
plants. Photographs were taken 10 dpi.
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would produce severe symptoms if it includes the Hel C-
terminal region from K-Ho1 RNA1. To address this
question, several chimeric constructs were generated in
which coding regions were exchanged between K-Ho1 and
K-Ha1 RNA1 cDNAs (Fig. 5A). Chimeric K-Ha1 RNA1
constructs that contained the K-Ho1 Hel C-terminal region
as well as the downstream K-Ho1 coding regions for VPg
and Pro (construct pHoHa-1; Fig. 5A) or the coding regions
for VPg, Pro and RdRp (construct pHoHa-4; Fig. 5A)
induced mild symptoms comparable to those induced by the
wild type K-Ha1 isolate. On the other hand, chimeric K-Ha1
RNA1 constructs that contained the K-Ho1 Co-pro and Hel
coding regions (construct pHoHa-5) or the K-Ho1 Co-pro
and the Hel C-terminal region (construct pHoHa-7) pro-
duced severe symptoms comparable to those induced with
transcripts from cloned Ho1 RNA1 cDNA. Interestingly,
transcripts from construct pHoHa-6, which is similar to
construct pHoHa-7 except that the Hel C-terminal region
was derived from K-Ha1 RNA1 cDNA, induced mild
symptoms. Taken together, both the coding regions of Co-
pro and the C-terminal part of Hel are determinants of
symptom severity in BPMV. Northern hybridization analy-
sis of total RNAs from plants inoculated with the various
chimeric transcripts showed that symptom severity corre-
lated well with higher levels of viral RNA accumulation
(Fig. 5B). To provide comparative assessment of viral RNA
accumulation in these experiments, only RNA2 accumu-lation was tested since a single hybridization probe could be
used (the same RNA2 transcripts were used in plant
inoculation along with the various RNA1 chimeric tran-
scripts). Accumulation of RNA 1 was not evaluated because
a common cDNA fragment of realistic size with sequences
strictly conserved between K-Ho1 and K-Ha1 could not be
found for use in probe preparation.
Neither the Co-pro nor Hel protein functions as a
suppressor of RNA silencing
To determine whether Co-pro or Hel may function as a
suppressor of RNA silencing, an Agrobacterium-mediated
transient expression system was used. Leaves of GFP-
transgenic N. benthamiana (line 16c) were infiltrated with a
mixture of agrobacteria transformed with the pGD-GFP and
the pGD-Co-pro constructs or with a mixture carrying the
pGD-GFP and the pGD-Hel constructs. No fluorescence
was evident 5 days post infiltration (data not shown), thus
neither the Co-pro nor Hel protein functions as a suppressor
of RNA silencing in the GFP patch assay. Likewise, none of
the mature proteins encoded by RNA1 or RNA2 as well as
the primary or secondary polyprotein precursors could be
demonstrated as suppressors of RNA silencing. On the other
hand, co-expression of GFP and Turnip crinkle virus coat
protein (TCV-CP), a known potent suppressor of RNA
silencing, induced intense fluorescence. Coincident with the
intense fluorescence was an enhancement in the accumu-
Table 2
Amino acid sequence comparisons of the C-terminal region of the putative
helicase from several BPMV strains that induce different symptoms
Amino acid Virus strain
positiona
K-G7
Mo (I)b
K-Ho1
S (I)
IL-Cb1c
S (I)
K-Ha1
M (II)
IL-Cb1c
M (II)
318 Tyr Asn Asn Asn Asn
335 His His His Tyr Tyr
359 Ser Asn Asn Ser Ser
365 Tyr Asn Asn Asn Asn
380 Tyr Ser Ser Ser Ser
382 Asp Asp Asp Asn Asn
386 Asn Asn Asn Glu Glu
391 Glu Glu Glu Asp Asp
392 Arg Arg Arg Lys Lys
393 Asn Asn Asn Ser Ser
408 Leu Phe Phe Val Val
419 Thr Thre Thr Ser Ser
420 Val Val Val Ile Ile
426 Asp Asp Asp Glu Glu
432 Ala Ala Ala Leu Leu
522 Thr Thr Thr Ser Ser
a The positions that only differ among mild and severe strains are included
with those that distinguish mild from severe strains printed in bold.
b Symptoms: Moderate (Mo), mild (M), and severe (S). Strain subgroup
classification of RNA1 is indicated between parentheses.
c GenBank accession numbers for RNA1 (I) and RNA1 (II) from strain IL-
Cb1, a partial diploid strain (diploid for RNA1 and haploid for RNA2) are:
AY744931 and AY744932, respectively. Transcripts from IL-Cb1 RNA1 (I)
cDNA and IL-Cb1 RNA1 (II) cDNA induce severe and mild symptoms,
respectively, when co-inoculated with transcripts from IL-Cb1RNA2 cDNA
(Zhang and Ghabrial, unpublished).
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determined by northern and western blot analyses (data not
shown). These experiments were reproducible regardless of
the binary vector employed, pGD or PZP (see Materials and
methods). As the PZP binary vector contains a translational
enhancer downstream of the 35S promoter, it was included
in this study for possible enhancement of BPMV protein
expression level, in case this was a factor in the GFP patch
assay.
Expression of the individual Hel and Co-pro coding regions
from a PVX vector induces necrosis on inoculated N.
benthamiana leaves
The coding regions of Co-pro, Hel, Hel + VPg, S-CP and
LS-CP proteins were cloned between the ClaI and SalI sites
of the PVX vector, pPVX2C2S, to generate pPVX-Co-pro,
pPVX-Hel, pPVX-Hel + VPg, pPVX-SCP and pPVX-
SLCP, respectively. Furthermore, recombinant PVX plas-
mids containing mutated (untranslatable) versions of the Co-
pro, Hel and Hel + VPg coding regions were also
constructed as controls. Infectious transcripts, generated
from all plasmids, were used to inoculate N. benthamiana
seedlings. The production of progeny RNA of the predicted
size in the recombinant PVX-infected plants was verified by
northern hybridization analysis (Fig. 6A). We noted that the
recombinant PVX RNA containing the mutated form ofHel + VPg (PVX-Hel + VPg-mut) was unstable in some of
the infected plants as a large proportion of the progeny RNA
was missing the insert; see Fig. 6A, lane 2V). Only plants
containing progeny RNA of the predicted size were
included in the evaluation of symptom development (Fig.
6B, panel 2). Whereas N. benthamiana plants inoculated
with transcripts of pPVX2C2S, pPVX-SCP or pPVX-SLCP
produced mosaic on inoculated leaves, those inoculated with
transcripts from pPVX-Co-pro, pPVX-Hel or pPVX-Hel +
VPg induced necrotic areas in addition to mosaic (Fig. 6B).
The production of necrotic areas was evident on all leaves
inoculated with PVX-Co-pro, PVX-Hel or PVX-Hel + VPg
constructs regardless of whether the relevant coding regions
were derived from mild or severe strains (Fig. 6B; note that
the leaves shown in panels 1 and 3 exhibit similar necrotic
areas even though the Hel coding regions were of different
origins, a mild and a severe strain, respectively). The mutant
(untranslated) versions of Hel + VPg (PVX-Hel + VPg-mut;
Fig. 6B, panel 2), Hel or Co-pro (PVX-Hel-mut and PVX-
Co-pro-mut; data not shown) induced mosaic, but no
necrosis, on the inoculated leaves.Discussion
Convincing evidence was presented in support of the
conclusion that the level of symptom severity induced by
infection with BPMV maps to RNA1, and more specifically
to the coding regions of the Co-pro and Hel proteins.
Symptom severity correlated well with higher accumulation
of viral RNA, but neither the Co-pro nor Hel protein could
be demonstrated as a suppressor of RNA silencing. This
suggests that determinants of symptom severity and virus
accumulation need not be suppressors of RNA silencing-
mediated host defense (Brigneti et al., 1998; Taliansky et al.,
2004).
The major question to address here is how the Co-pro
and Hel proteins modulate symptom severity and enhance-
ment of viral RNA replication (accumulation) in infected
cells. The multiplication of CPMV, the type species of the
genus Comovirus, has been extensively studied at the
molecular and cellular levels and an understanding of the
functions of its encoded proteins is beginning to emerge
(Pouwels et al., 2002). Since BPMV is similar to the closely
related CPMV in genome structure and expression strategy
(Di et al., 1999; Lin and Johnson, 2003; MacFarlane et al.,
1991), it is reasonable to assume that it is also similar in
RNA replication sites and in the functions of encoded
replication proteins. In CPMV-infected cells, Co-pro
(CPMV 32K), complexed to the 170K (Hel + VPg + Pro +
RdRp) polyprotein, is specifically targeted to ER mem-
branes. As a consequence of the interaction of 32K with ER
membranes, the 170K polyprotein undergoes further pro-
teolytic processing releasing the 60K (Hel + VPg) poly-
protein, which is inserted into the ER membranes, thereby
affixing the replication proteins to the ER membranes. The
Fig. 5. Both the protease cofactor and helicase coding regions are required for symptom severity. (A) Schematic diagrams of BPMV chimeric constructs
generated by exchanging fragments between K-Ho1 RNA1 cDNA (subgroup I; gray) and K-Ha1 RNA1 cDNA (subgroup II; black). Symptom severity induced
by inoculation with transcripts derived from the indicated constructs was indicated to the right by the letters, S (severe) and M (mild). Transcripts from K-Ho1
RNA2 cDNA were included in the inocula. In a second experiment, transcripts from K-Ha1 RNA2 cDNA were used (instead of those derived from K-Ho1
RNA2 cDNA) with similar results. (B) Northern blot hybridization analysis for assessment of BPMV RNA2 accumulation. Numbers above the individual lanes
refer to the RNA1 constructs used for inoculation. Total RNAwas extracted from infected soybean plants 10 dpi. Total RNA from mock inoculated plants (lane
M) and purified virions (lane V) were used as controls. K-Ho1 RNA2 cDNAwas used as a template for probe preparation. The lower panel shows the ethidium
bromide-stained RNA gel before transfer as a loading control.
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membranes are known to trigger massive proliferation of ER
leading to the formation of small membranous vesicles that
are the sites of viral RNA replication. ER membrane
rearrangement and vesicle formation eventually result in
an increase of the total membrane surface available for viral
RNA replication (Carette et al., 2000, 2002a, 2002b).
Although separate expression of either CPMV 32K (Co-
pro) or 60K (Hel + VPg) from a viral vector was shown to
alter ER morphology, the extent of ER proliferation was
smaller compared to that observed in CPMV-infected plants.
These results were interpreted to indicate that the combined
effects of 32K and 60K are required to induce the magnitude
of ER proliferation that resemble those observed in CPMV-
infected cells (Carette et al., 2002b). With this in mind, it is
not surprising that both the BPMV Co-pro and Hel coding
regions were found to be essential for the enhancement of
symptom severity and viral RNA accumulation (this study).The Co-pro (CPMV 32K) is involved in regulation of
RNA1 polyprotein processing and is required as a cofactor
in the cleavage of the RNA2 polyprotein (Peters et al.,
1992). Furthermore, Co-pro plays a role in targeting the
replication proteins to the ER. BPMV Co-pro contains four
stretches of hydrophobic amino acids (amino acid positions
179 to 196, 217 to 234, 251 to 267 and 278 to 294) that are
predicted by the HMMTOP (Tusnady and Simon, 1998),
TMpred (Hofmann and Stoffel, 1993) and SOUSI programs
(Hirokawa et al., 1998) to form transmembrane helices.
These putative transmembrane domains are strictly con-
served among BPMV strains and are highly conserved
among comoviruses (data not shown). Although our results
with intrasubgroup I chimeric RNA1 constructs involving
strains K-G7 and K-Ho1, which share 98% nucleotide
sequence identity, did not identify Co-pro as a symptom
severity determinant, our experiments with intersubgroup
chimeric RNA1 constructs indicated quite clearly that both
Fig. 6. Expression of the individual BPMV-encoded proteins from a Potato virus X (PVX) vector. (A) Northern blot hybridization analysis to assess the size
and level of progeny RNA accumulation in plants inoculated with transcripts from recombinant PVX constructs. Total RNAwas extracted from fully expanded
systemically infected leaf 14 dpi and probed with a PVX RNA-specific probe; position of PVX RNA is indicated to the right. The relative loading of the
samples is indicated by ethidium bromide staining of ribosomal RNA (bottom panel). The numbers above the lanes refer to the source plant of the RNA
samples that were previously inoculated with following transcripts (the strain in parenthesis): 1, PVX-Hel + VPg (K-Ha1); 2, PVX-Hel + VPg-mut;
untranslatable Hel + VPg coding region (K-Ha1), 2V, same treatment as 2, but from a different plant; 3a, PVX-Hel (K-Ho1); 3b, PVX-Hel + VPg (K-Ho1); 4,
PVX-Co-pro (K-Ho1); 5, PVX-LSCP (K-Ho1); 6, PVX-SCP (K-Ho1); 7, empty PVX vector; 8; mock inoculated control. (B) Symptoms induced on N.
benthamiana leaves inoculated with transcripts derived from recombinant PVX constructs. The numbers at the left corner of each photograph corresponds to
the numbers above the northern blot lanes in A. Close-up images of photographs in 1, 2, 3, 4 and 7 are shown in insets. Note necrotic tissues on leaves
inoculated with transcripts derived from constructs containing translatable coding regions for Hel + VPg, Hel or Co-pro proteins (photographs 1, 3 and 4,
respectively). The leaves were photographed 10 dpi.
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coding regions are necessary for the enhancement of
symptom severity and viral RNA accumulation (Fig. 5;
compare constructs pHoHa-4 and pHoHa-7, for example).
The fact that the Co-pro proteins from strains K-Ho1 and K-
G7 have identical amino acid sequences, as determined from
pairwise alignments of the deduced amino acid sequences of
the two proteins (data not shown), should explain why
experiments with chimeric RNA1 between these two strains
failed to identify Co-pro as a symptom severity determinant.
Amino acid sequence comparison of the Co-pro from
subgroup I and II strains revealed differences in 11 amino
acid positions, three of which involve amino acids with
dissimilar side chains (amino acid positions 80, 97 and 98).
In two positions, amino acids with polar side chains (Ser
and Thr) in subgroup I strains are substituted for with amino
acids with nonpolar side chains (Leu and Ala) in subgroup II
strains. In the third position, a basic amino acid (Lys) is
substituted for with an amino acid with a polar side chain
(Asn). Thus, the major differences in the primary structure
between Co-pro of subgroups I and II strains are localizedwithin a small region of 19 amino acids that resides at the
Co-pro N-terminal region. This is consistent with our results
that indicated the importance of the N-terminal region to
specifying enhanced symptom severity (compare constructs
pHoHa-4 and pHoHa-7, Fig. 5). Secondary structure
predictions (using the consensus secondary structure pre-
diction program on the Network Protein Sequence Analysis;
http://npsa-pbil.ibcp.fr/cgi-bin/secpred_consensus.pl) indi-
cated that a stretch of 11 alpha helix amino acids, which
surrounds the amino acid at position 80 (positions 77 to 87),
in subgroup I strains was shortened to 7 amino acids in
subgroup II strains. The significance of this difference in
predicted secondary structure to the function of Co-pro is
not apparent since the predicted transmembrane domains
reside at the C-terminal region of Co-pro.
CPMV 60K (Hel + VPg) has been proposed to function
as a viral helicase based on its ability to bind ATP via a
conserved Walker nucleotide binding (NTB) motif (Peters et
al., 1994). The equivalent BPMV 60K (Hel + VPg) also
contains the two highly conserved sequences (167-
GESRVGKS-174 and 216-IDD-218) that correspond to
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viral-like helicases (Peters et al., 1994). The CPMV 60K has
been shown to play a role in anchoring the replication
complex to the ER membrane (Pouwels et al., 2002). The
BPMV putative Hel domain contains two C-terminal
hydrophobic amino acid stretches (amino acid positions
549 to 569 and 573 to 593), which are strictly conserved
among BPMV strains and highly conserved among como-
viruses that are predicted as transmembrane helices by the
TMpred (Hofmann and Stoffel, 1993) and TopPred2 (von
Heijne, 1992) programs (data not shown). Even with the
conserved regions in the C-terminal part of Hel, our results
from the RNA1 chimera experiments indicated that differ-
ences in symptom severity map to the C-terminal half of the
Hel protein. Amino acid sequence comparison of the C-
terminal region of the putative Hel of mild and severe strains
identified two amino acid positions that may be responsible
for the observed differences in symptom severity between
these strains (Table 2). Whereas the change from Leu/Val in
the mild strains to Phe in the severe strains at position 408
involves exchange between two nonpolar amino acids, the
change from Ser in the mild strains to Asn in the severe
strains at position 359 is of interest since it entails
the potential availability of an N-glycosylation site
(359NES361) in the Hel protein of severe strains.
Separate expression of BPMV Co-pro or Hel proteins
from a PVX vector induced necrosis on the inoculated
leaves of N. benthamiana. Similar observations were
reported for CPMV 32K and 60K, which suggested that
these proteins are cytotoxic (Carette et al., 2002b). It is
noteworthy that the necrosis induced by BPMV Co-pro or
Hel on N. benthamiana was evident regardless of whether
the coding regions were derived from a mild or a severe
strain. Interestingly, CPMV 32K and 60K induce necrosis
only when expressed separately from other RNA1-encoded
proteins, since these two proteins accumulate to high levels
in CPMV-infected N. benthamiana but without visible
necrosis. It was proposed that aggregation of these two
proteins in electron dense structures during CPMV infection
alleviates their cytotoxic effects (Carette et al., 2002b). The
cytotoxic characteristics of CPMV 60K have also been
previously reported for insect cells expressing the 60K
protein with the baculovirus system (van Bokhaven et al.,
1990), as the infected insect cells exhibited abnormal
cytopathic effects and quick cell lysis. Although direct cell
death as a consequence of impaired membrane permeability
may account for the necrosis induced by separate expression
of CPMV 32K or 60K, Carette et al. (2002b) could not rule
out the possibility that these proteins may elicit a hyper-
sensitive response (HR) in N. benthamiana. The necrosis
induced by the severe strain of BPMV on inoculated
soybean leaves will be difficult to explain based on the
putative cytotoxic properties of Co-pro or Hel because
separate expression of these proteins from either mild or
severe strains induced necrosis on N. benthamiana. It is
possible, however, that the higher level of virus multi-plication in soybean cells infected with the severe strain
renders them necrotic and may elicit an HR-like response in
the inoculated soybean leaves, even though the virus moves
systemically. It was recently proposed that HR may have
dual roles, in addition to restricting virus accumulation to
cells within and surrounding necrotic areas, HR may also
induce virus escape prior to the buildup of virus infection
and the establishment of strong RNA silencing (Taliansky
et al., 2004).
In summary, we presented evidence that augmentation of
BPMV-induced symptom severity and viral RNA accumu-
lation maps to the coding regions of Co-pro and the C-
terminal half of Hel and identified potential amino acid
positions in the Co-pro and Hel proteins that may be
responsible for the differences in symptom severity between
mild and severe strains.Materials and methods
Virus strains
A list of the BPMV strains used is shown in Table 1. The
strains are designated by the name of the Kentucky county
where they were originally collected. The BPMV strains
were propagated in the soybean cultivar dEssexT, and
infected tissues were used for virion purification as
previously described (Ghabrial et al., 1977). The complete
nucleotide sequences of the genomic RNAs from strain K-
G7 (Di et al., 1999; MacFarlane et al., 1991), K-Ha1 and K-
Ho1 (Gu et al., 2002) have been determined and the
sequences have been deposited in the GenBank (see Table 1
for the GenBank accession numbers).
Plant growth condition and symptom documentation
Soybean and N. benthamiana plants were kept in a
growth chamber maintained at 22 8C with 16 h/8 h light/
dark conditions. Disease symptoms were photographed with
a digital camera (Olympus C-2500L).
RNA extraction and nucleic acid hybridization analysis
Procedures for extraction of total RNA from virus or
transcript-inoculated plants and for slot blot hybridization
analysis were previously described (Gu et al., 2002). For
northern hybridization analysis, total RNA was extracted
using a hot phenol method (Verwoerd et al., 1989). RNA
samples (10 Ag) were denatured in the presence of glyoxal
and dimethyl sulfoxide (DMSO) and separated on 1%
agarose gel in 10 mM sodium phosphate buffer (pH 6.3).
RNA was transferred onto Hybond-N + membranes (Amer-
sham, Piscataway, NJ), according to the manufacturer’s
instructions. Preparation of radiolabeled probes and hybrid-
ization conditions were described previously (Gu et al.,
2002). The northern blots were exposed to a phosphorim-
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PhosphorImager 445 SI system, and analyzed with the
ImageQuant 4.1 program (Amersham).
cDNA synthesis, cloning and sequencing
Viral RNA was extracted from purified virions of strains
K-Ha1 and K-Ho1 according to the procedures of Peden and
Symons (1973). RNA1 and RNA2 were purified from low-
melting agarose following electrophoretic separation of the
viral RNAs. cDNA synthesis was carried out using the
SuperScript choice system (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. First strand
cDNA synthesis was primed with oligo (dT)12–18 primers.
Following addition of EcoRI adapters to the ends of the
double stranded cDNA, it was ligated into EcoRI-linearized
pGEM 3ZF( + ) vector (Promega, Madison, WI).
Multiple independent cDNA clones containing large
inserts were selected and used for sequencing. Universal
M13 and gene-specific bwalkingQ sequencing primers were
used to sequence both K-Ho1 and K-Ha1. Sequencing was
carried out by the dideoxy-termination sequencing using
the Rhodamine-Terminator sequencing kit (ABI) and an
ABI310 automated sequencer. Sequence analysis was
performed using the GAP, PILEUP and PRETTY programs
of the University of Wisconsin GCG software package
(Genetics Computer Group, Inc, Madison, WI).
Production of full-length cDNA clones and in vitro
transcription
Near full-length cDNA clones of K-Ho1 RNAs 1 and 2,
which were missing the 5V-terminal 21 and 14 nucleotides,
respectively, were used as templates for generating full-
length cDNA clones by PCR. An RT-PCR approach,
however, was used to construct full-length cDNA clones
of the genomic RNAs from strains K-G7 (subgroup I) and
K-Ha1 (subgroup II). Because the 5V terminal 46 nucleotides
of the two genomic RNAs of all 3 strains are identical, the
same forward (sense) primer (F1) was used for cDNA
amplifications in all cases. The F1 primer (Table 3) contains
a modified T7 promoter sequence (underlined), an extra G
(bold) and the 5V terminal 39 nucleotides of the genomic
RNAs. A reverse (antisense) primer (R1) containing 18 (dT)
residues (complementary to the poly(A) tail of viral RNAs),
an engineered SalI site (italicized) and 21 extra nucleotides
(bold) for efficient restriction enzyme digestion, was used
for first strand cDNA synthesis and for PCR amplification.
For RT-PCR, first strand cDNA synthesis was made using
viral RNAs from purified virions of K-Ha1 and K-G7 and a
Superscript II reverse transcriptase kit (Invitrogen), accord-
ing to the manufacturer’s instructions. The near full-length
cDNAs of K-Ho1 genomic RNAs or first strand cDNA of
strains K-G7 and K-Ha1 were amplified by 35 cycles of
PCR including 3 cycles of 30 s at 94 8C, 30 s at 47 8C and
6.5 min at 68 8C and 32 cycles of 30 s at 94 8C, 30 s at62 8C and 6.5 min at 68 8C. The High Fidelity Platinum Taq
DNA polymerase (Invitrogen) was used in all cases. The
PCR products were purified with the QIAquick PCR
purification kit (QIAGEN, Valencia, CA) according to the
manufacturer’s instructions. The purified PCR products
(RNA1 cDNA of strain K-Ho1 and RNA2 cDNAs of all
three strains) were then cloned into the pGem-T easy vector
(Promega) to produce plasmids pGHoR1, pGHoR2,
pGG7R2 and pGHaR2, respectively. The PCR products of
RNA1 cDNAs of strains K-G7 and K-Ha1, on the other
hand, were cloned into the pCR2.1-TOPO vector (Invitro-
gen) to produce plasmids pCRG7R1 and PCRHaR1,
respectively.
In vitro transcription was performed according to Hu
et al. (1998) except that 100 Al reaction mixtures were used.
Samples (5 Al) of transcription reaction mixture were
analyzed by electrophoresis on 1% agarose gel to assess
yield and quality. RNA transcripts were used to inoculate
fully expanded leaves of soybean by rub inoculation.
Chimeric constructs
Chimeric RNA1 constructs involving strains K-Ho1 and
K-G7 (both belonging to subgroup I) were generated using
the parental plasmids pGHoR1 and pCRG7R1 and their
derivatives (Fig. 1). The derivative plasmids were generated
to facilitate the exchange of cDNA fragments between the
two strains by providing a desired endonuclease restriction
site or by eliminating a redundant one. Plasmids pUCHoR1
and pUCG7R1 were derived from the parental plasmids by
digestion with EcoR1 and the EcoR1 fragments were
inserted into pUC119, previously digested with EcoR1
(Fig. 1). The XbaI site located in the multiple cloning sites
of plasmids pUCHoR1 and pUCG7R1 was removed by SalI
digestion followed by religation to produce plasmids
pUCHoR1-1 and pUCG7R1-1, respectively (Fig. 1). To
avoid the redundant AvaI sites in the pUC119 vector,
plasmid pUCG7R1 was subcloned as an EcoR1-Sal1
fragment into the pGem-T easy vector to generate plasmid
pGG7R1 (Fig. 1). Eleven chimeric constructs, designated
pHoG7-1 through pHoG7-11, were produced. To generate
construct pHoG7-1, the NdeI fragment (nt positions 527–
3764) of pCRG7R1 was replaced by the corresponding
fragment from plasmid pGHoR1 (Fig. 3A). Construct
pHoG-2 was generated by replacing the ApaI–XhoI frag-
ment of pCRG7R1 with the corresponding fragment from
plasmid pGHoR1, which contains part of the multiple
cloning site of the pCR-TOPO vector and the N-terminal
3068 nts (Fig. 3A). To generate construct pHoG-3, the C-
terminal fragment corresponding to nt positions 3069–6004
of plasmid pGG7R1 was replaced by the equivalent
fragment from plasmid pGHoR1 through double digestion
with restriction enzymes ApaI and XhoI followed by
religation of the pertinent fragments. Constructs pHoG-4
and pHoG-5 were generated by exchanging the XbaI
fragment between plasmids pUCHoR1 and pUCG7R1
Table 3
Primers used for generation of chimeric BPMV RNA1 constructs and recombinant PVX and binary vectors
Primer Sequence (5V–3V)
F1 TAATACGACTCACTATAGTATTAAAATTTTCATAAGATTTGAAATTTTGATAAACCGa
R1 TTCCGCGGCCGCTATGGCCGACGTCGACTTTTTTTTTTTTTTTTTT
F2 CcTGCAgGGATGTAAAGAGCTGC
R2 gtaTaCTGCACTCGCCTTCCT
F4 CCGCTcGAGGCCCAAAGTAGAAAGCCCAAC
R5 TGAGCcTCAGCAGATGGCTC
F7 gcTAGCTTGGGGAATGTGTA
R7 GCTTCAGGAGAcGGTTCCAA
Ho1/G7-F TTTTGTTTGGAAATGGGC
Ho1/G7-R TTGTCCAAATATTGTTAACC
PVX-Ho1-Hel-F ATCGATATGGCCCTTTCAGTTCTAGAA
PVX-Ho1-Hel-R GTCGACCTATTGCGCCTCGAGCACACT
PVX-Ho1-60K-R GTCGACCTATTGGCCCTCAACCCACTC
PVX-Ho1-Co-proF ATCGATATGAAGTTCTATCCTGGT
PVX-Ho1-Co-proR GTCGACCTATTGGAACTGTCCCTTAAT
PVX-Ho1-Co-proF V ATCGATATGAAGTTCTATCCTGGTTAGAATATTTCTTAAATTG
PVX-Ho1-Hel-F V ATCGATATGGCCCTTTCAGTTCTATAAGGGTTGGCAACATAGCTC
PVX-Ho1-LCP-F CCATCGATATGGAAACAAATTTGTTTAAATTG
PVX-Ho1-SCP-F CCATCGATATGGAATCCATTTCACAGCAAACTGTT
PVX-Ho1-SCP-R TTCCGCGGCCGCTATGGCCGACGTCGACTCATGCAGAAGATTCCGC
PVX-Ha1-Co-proF ATCGATATGAAGTTTTATCCAGGACAAAATGTCTCTGAAATTG
PVX-Ha1-Co-proR GTCGACCTACTGGAATTGCCCTTTAATTTCTTCAGAAGG
PVX-Ha1-60K-F ATCGATATGGCTCTTTCTGTTTTAGAGGGATTGGCAACACAACTC
PVX-Ha1-60K-R GTCGACCTACTGGCCTTCAACCCATGCTCTGCGCTT
PGDCo-pro-F AGATCTATGAAGTTCTATCCTGGT
PGDCo-pro-R GTCGACCTATTGGAACTGTCCCTTAAT
PGDHel-F AGATCTATGGCCCTTTCAGTTCTAGAA
PGDHel-R GTCGACCTATTGCGCCTCGAGCACACT
PGDPro-F GGAAGATCTATGTCTTTTGATCAATCA
PGDPro-R CTAGGGGCCCTCATTGGGCTTGTACCACAGG
PGDRdRp-F GGAAGATCTATGAGTGCTGAAGTCTATTTT
PGDRdRp-R CTAGGGGCCCCTAGTTAACAAATGCAAA
PGDRC-F CCGCTCGAGATGTTTGCTTCCTTAATT
PGDCR/MP-R CTAGGGGCCCTCACTGAGCCTGAACCTCATT
PGDMP-F GGAAGATCTATGTTTGCTTCGTTAATT
PGDLCP-F GGAAGATCTATGGAAACAAATTTGTTT
PGDLCP-R CTAGGGGCCCTCACTGAGGAATGGTGCCAAA
PGDSCP-F AGATCTATGTCCATTTCACAGCAAACTG
PGDSCP-R GTCGACTCATGCAGAAGATTCCGC
a The following scheme was used in writing the primer sequences: the modified T7 promoter sequence is written in italic, the introduced endonuclease
restriction sites are underlined, substituted nucleotide are indicated in lowercase, and start and stop codons are written in bold.
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exchanging the XbaI–XhoI fragment between plasmids
pUCHoR1-1 and pUCG7R1-1 (Fig. 3A). Construct pHoG-
8 was generated by replacing the AvaI fragment (nt
positions 1797–3069) of plasmid pGG7R1 with the
corresponding fragment from plasmid pGHoR1. Similarly,
construct pHoG-9 was created by replacing the AvaI
fragment of plasmid pGHoR1 with the corresponding
fragment from plasmid pGG7R1 (Fig. 4A). Constructs
pHoG-10 and pHoG-11 were obtained by exchanging the
BsmBI–XhoI fragment (nt positions 2097 to 3068) between
plasmids pGHoR1 and pGG7R1 (Fig. 4A).
Chimeric RNA1 constructs involving strains K-Ho1 and
K-Ha1 (belonging to subgroups and I and II, respectively)
were generated using plasmids pGHoR1 and pCRHaR1
(Fig. 1). Seven chimeric constructs, designated pHoHa-1
through pHoHa-7 were produced. For the generation ofconstruct pHoHa-1, a restriction enzyme site (BbvCI) was
introduced at the 5V terminal sequence of a fragment derived
from plasmid pGHoR1 (at nt positions 1973 to 3764) by
PCR using forward primer F2 and reverse primer R2, the
latter contains a restriction enzyme NdeI site and is
complementary to nt positions 3746 to 3764 of pGHoR1
(Table 3). The PCR product was cloned into pGem-T easy
vector, and following digestion of the recombinant plasmid,
the BbvCI–NdeI fragment was exchanged with the corre-
sponding fragment in pCRHaR1 to create construct pHoHa1
(Fig. 5A). A similar PCR strategy was used to generate
construct pHoHa1-2 (Fig. 5A) using primer F3 and R3
(Table 3), except that SbfI and BstZ17I restriction enzyme
sites were introduced at the 5V and 3V termini, respectively,
of a cDNA fragment (nt positions 997–2542) derived from
pGHoR1. Construct pHoHa-3 was produced by replacing
the Sbf1–PpumI fragment (corresponding to nt positions
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from pGHoR1 (Fig. 5A). Construct pHoHa-4 was generated
by replacing the PpuMI–ApaI fragment of plasmid pHoHa-
3 with the corresponding one from pGHoR1 (the unique
ApaI site is present in both constructs upstream of the T7
promoter, Fig. 1). To construct plasmid pHoHa-5, an XhoI
site was created at the 5V terminal sequence of a cDNA
fragment (corresponding to nt positions 3070 to 6007)
derived by PCR from plasmid pCRHaR1 using primers F4
and R1 (Table 3). Following double digestion with XhoI and
SalI, the PCR product was used to replace the equivalent
fragment of pGHoR1 resulting in construct pHoHa-5 (Fig.
5A). To generate construct pHoHa-6, a restriction site for
BbvCI was created at the 3V terminal sequence of a cDNA
fragment (nt positions 1 to 1979), derived by PCR from
pGHoR1 using the M13 universal forward primer and
primer R5. The cloned cDNA fragment (nt positions 1 to
1979) was then excised from the recombinant pGem-T easy
vector by double digestion with ApaI and BbvCI and used to
replace the equivalent fragment in plasmid pCRHaR1 to
produce construct pHoHa-6 (Fig. 5A). To obtain construct
pHoHa-7, restriction sites for NheI and BsmBI were created
at the 5V and 3V terminal sequences, respectively, of a cDNA
fragment (nt positions 1020 to 2104) derived by PCR from
plasmid pCRHaR1 using primers F7 and R7 (Table 3). The
NheI–BsmBI fragment was then exchanged with the
corresponding fragment in construct pHoHa-5 giving rise
to construct pHoHa-7.
Construction of binary vectors
The binary vectors used in this study were derived from
the pGD or pZP212 vectors (Goodin et al., 2002; Qu and
Morris, 2003). To generate constructs pGD-Hel, pGD-Co-
pro and pGD-SCP, restriction endonuclease sites for BglII
and SalI were introduced at the 5V and 3V termini,
respectively, of the coding regions of K-Ho1 Co-pro,
Hel, and S-CP, by PCR. In case they were not present,
start or stop codons, or both, were introduced in each
coding region. The PCR products were cloned into the
pGem-T easy vector prior to digestion and ligation into the
pGD vector. The PCR primers are listed in Table 3. The
coding regions of Pro, RdRp, CR, MP, LCP, the primary
and secondary polyprotein precursors (full-length RNA1,
RNA2, Co-pro + Hel, LCP + SCP) were cloned into the
pGD vector. The restriction enzyme sites were also
generated by PCR using specifically designed primers for
the various coding regions (Table 3). PCR products were
ligated into the pGD vector after digestion with restriction
enzymes BglII and ApaI except PCR products of CR and
MP coding regions, in which XhoI and ApaI sites were
introduced by PCR at the 5V and 3V termini, and the PCR
products were subsequently digested. The above constructs
were designated pGD-Pro, pGD-RdRp, pGD-CR, pGD-
MP, pGD-LCP, pGD-R1, pGD-R2, pGD-Pro + Hel and
pGD-LSCP, respectively. The pGD constructs expressingK-Ho1 genes were transformed into Agrobacterium tume-
faciens strain C58C1 (An et al., 1988), and the trans-
formants were maintained as previously described (Goodin
et al., 2002). The binary vector pZP212 and plasmids PZP-
TCVCP and PZP-GFP, provided by T. Jack Morris
(University of Nebraska), were similarly transformed into
A. tumefaciens strain C58C1. The A. tumefaciens trans-
formants containing the PZP serial vectors were main-
tained on LB medium containing rifampicin (100 Ag/ml),
spectinomycin (100 Ag/ml) and tetracycline (5 Ag/ml). The
Agrobacterium infiltration experiments were performed as
described by Qu and Morris (2003). Transgenic N.
benthamiana plants expressing GFP (line 16c) were
provided by David Baulcombe (The Sainsbury Laboratory,
John Innes). GFP fluorescence was visualized using a
long-wave UV lamp (Black Ray model B 100 AP) and the
plants were photographed with a N90-S AF digital camera
(Nikon, Tokyo).
Construction of recombinant PVX vector
The potato virus X (PVX) vector pP2C2S (Chapman et
al., 1992) was used to express the coding regions of K-Ho1
Co-pro, Hel, Hel + VPg (60K), S-CP, LS-CP proteins, as
well as the coding regions of K-Ha1 Co-pro, Hel, and 60K
proteins. The cDNA fragments containing the desired
coding regions were amplified by PCR using plasmids
pGHoR1 and pCRHaR1 as templates and specifically
designed primers for the various coding regions (Table 3).
A ClaI restriction site and a start codon were introduced at
the 5V terminal sequence of each coding region using the
pertinent forward primers (Table 3) except for the Co-pro
and LS-CP coding regions, which already contain start
codons at their 5V terminal sequences. A stop codon
followed by a SalI restriction site were added to each
primer with exception of those used to direct the amplifi-
cation of the S-CP and LS-CP coding regions, which
already contain termination codons (thus, only the SalI sites
were engineered using the specifically designed primers;
Table 3). The resulting PCR products containing the coding
regions of Co-pro, Hel, Hel + VPg, S-CP or LS-CP were
digested with ClaI and SalI and ligated into similarly
digested pPVX2C2S vector to generate PVX-Co-pro, PVX-
Hel, PVX-Hel + VPg, PVX-S-CP and PVX-LS-CP,
respectively. Additional PVX constructs, which contained
mutated versions of the K-Ho1 Hel, Hel + VPg and Co-pro
coding regions (PVX-Hel-mut, PVX-Hel + VPg-mut and
PVX-Co-pro-mut, respectively), were generated by PCR
mutagenesis. The mutants were produced by the introduc-
tion of two stop codons [using primers PVX-Ho1-Co-proFV
and PVX-Ho1-Hel-FV (Table 3) for the Co-pro and Hel
coding regions, respectively], which rendered them in effect
untranslatable. All the recombinant PVX constructs were
verified by restriction enzyme analysis and the veracity of
the inserted BPMV cDNA fragments was confirmed by
sequencing analysis. Capped RNA transcripts were synthe-
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described by Chapman et al. (1992).Acknowledgments
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